Injury to the adult mammalian CNS results in reactive changes among the glial cells surrounding the site of damage. Recently, an unusual class of glial cells has been identified within the intact adult rat cerebellum on the basis of the expression of the NG2 chondroitin-sulfate proteoglycan (Levine and Card, 1987) . To determine whether the cells that express the NG2 proteoglycan show reactive changes after injury, small puncture lesions were made into the cerebelli of adult rats, and changes among astrocytes, microglia and NGP-positive cells were examined using immunohistochemical staining with cell type-specific marker antibodies.
Beginning at 24 hr after lesion, NGP-positive cells immediately adjacent to the lesion site bound the anti-NG2 antibodies more heavily than cells within the undamaged areas of the cerebellum.
This increase in anti-NG2 immunoreactivity was transient, reaching a maximum at 7 d postlesion and declining slowly thereafter.
The increase in anti-NGP immunoreactivity was accompanied by an increase in the levels of mRNA encoding the NG2 core protein as demonstrated by in situ hybridization.
NGS-positive cells adjacent to the lesion site incorporated 3H-thymidine into their nuclei beginning at 24 hr postlesion and increased in number. Concurrent with these changes, microglia became activated and increased in number, monocytes invaded the damaged tissue, and an astrocytic scar formed. These observations demonstrate that the cells that express the NG2 proteoglycan are a reactive cell type that responds to brain injury. The increased expression of the NG2 chondroitin-sulfate proteoglycan may contribute to the failure of damaged CNS axons to regenerate successfully.
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Axons of the mammalian CNS have only a limited capacity to regrow after injury. This is in contrast to axons of the PNS which can regenerate successfully after injury. The elegant studies of Aguayo and collaborators (David and Aguayo, 1983) have demonstrated that CNS neurons are not intrinsically incapable of regrowth after injury; rather, these studies suggest that the environment of the damaged CNS does not have the capacity to support extensive axonal growth. A major problem in neurobiology is to understand the cellular and biochemical features of the damaged CNS that may be responsible for the inability of this tissue to support axon regrowth. Experimentally induced damage to the CNS leads to multiple changes in the glial cells surrounding the damaged tissue and the formation of a scar (Berry et al., 1983; Reier et al., 1983) . Principal among these changes is an hypertrophy and hyperplasia of the astrocytes surrounding the injured tissue. Immunocytochemical and autoradiographic studies have demonstrated that astrocytes within damaged tissue display increased immunoreactivity for glial fibrillary acidic protein (GFAP), the intermediate filament protein of astrocytes, and become mitotically active (Cavanagh, 1970; Latov et al., 1979; Mathewson and Berry, 1985; Miyake et al., 1988 Miyake et al., , 1992 Takamiya et al., 1988; Topp et al., 1989) . Part of the increase in GFAP immunoreactivity within damaged tissue is likely due to the increased expression of this protein by glial cells that normally have little or no immunocytochemically detectable GFAP.
In addition to these astrocytic changes, microglial cells within damaged tissue become activated (for review, see Streit et al., 1988) . This activation includes cell proliferation and a change from a ramified to an ameboid morphology. Activated microglia are the major phagocytotic cells within damaged areas of the CNS and are thought to remove cellular debris. When brain injury includes damage to the blood-brain barrier, there is an infiltration of monocytes from the circulation into the brain parenchyma (Giulian et al., 1989) . These cells also carry out phagocytotic functions within damaged tissue and promote wound healing.
In addition to astrocytes, oligodendrocytes and microglia, several studies have identified glial cells that do not fall easily into these major categories. For example, Vaughn and Peters (1968) described a glial cell in the developing and adult rat optic nerve lacking in intermediate filaments and microtubules. They suggested that this cell might be a multipotential stem cell. Reyners et al. (1982 Reyners et al. ( , 1986 ) described a glial cell of the adult rat cerebral cortex (the beta astrocyte) also lacking intermediate filaments that was distinguishable from oligodendrocytes and microglia at the ultrastructural level. This cell type became labeled with silver grains after administration of 3H-thymidine to adult rats suggesting that the beta astrocyte is a glial progenitor cell. Levine and Card (1987) used antibodies against the NG2 proteoglycan (NG2 PG) to identify and characterize a glial cell of the adult rat cerebellar cortex that did not display ultrastructural features of either fibrous astrocytes or oligodendrocytes. Morphologically similar cells have been observed in the adult rat cerebral cortex (Stallcup et al., 1983) . Lastly, Fulton et al. (1992) used quisqualate stimulated cobalt uptake to identify a glial cell in the young postnatal and adult rat optic nerve that had similar Control sections were hybridized in a solution containing the radioactive morphological features to the cells described above. It has been probe and a IOO-fold excess of nonradioactive antisense probe cRNA. suggested (Fulton et al., 1992; Levine, 1993 ) that these unusual
The sections were washed twice in 4x SSC, 5 mM DTT at 45°C (30 glial cells may correspond to the 02&du" progenitor cell, a cell min/wash), digested with RNase A, and washed in 2x SSC at 40°C type that has been studied extensively in cell culture (Wolswijk 0 .5 x SSC, and 0.1 x SSC all containing 5 mtw DTT. After an overnight wash at room temperature in 0.1 x SSC, 5 mM DTT, the sections were and Noble, 1989; Wolswijk et al., 199 1; Wren et al., 1992) .
mounted on gelatin coated slides, dried, and exposed to P-Max autoThe functions of these unusual glial cells are unknown.
To radiography film (Amersham). The autoradiographic images were anbegin to characterize the functional properties of the NG2-posalyzed and digitized using an MCID image analysis system (Imaging itive glia, the question of whether this cell type participates in Research, St. Catherine's, Ontario) as described previously (White et al.. 1990 ). the reactions to brain injury was asked. After puncture lesions of the adult cerebellum, there is a rapid and transient upregulation of the expression of the NC2 PG. Cells carrying this cell surface marker incorporate 'H-thymidine and increase in number. These studies demonstrate that NGZ-positive glial cells participate in the glial reaction to brain injury.
Materials and Methods
Surgicalprocedures.
Sprague-Dawley rats (greater than 3 months of age) of either sex were used throughout this study. The animals were maintained in a 12 hr light/dark cycle with free access to food and water. Animals were anesthetized with a mixture of ketamine (9 mg/lOO gm body weight) and xylazine (1 mg/ 100 gm body weight) and, under aseptic conditions, a small burr hole was drilled through the skull over the cerebellum and a 27 gauge needle was inserted obliquely through the pi a to a depth of 2-3 mm. Between two and four penetrations were made into a single burr hole in each animal. Bleeding was minimal. The hole was filled with Gelfoam and the wound closed with either sutures or stainless steel clips. The animals were kept warm during recovery and returned to the animal housing facility. The animals showed no obvious behavioral or motor deficits after recovery.
Histological and autoradiographic procedures.
At varying intervals after surgery (1. 2, 4. 5. 7. IO. 15. 30. and 56 d) . the animals were anain anesthetled as described above and perfused'intracardially with 300 ml of warm saline followed by 900 ml of 4% freshly depolymerized paraformaldehyde in 0.1 M phosphate buffer, pH 7.2. Age-matched control animals that either had no surgical manipulation or whose cerebelli were surgically exposed but not lesioned were perfused similarly. The brains were removed, postfixed for 3 hr at 4°C and cryoprotected by immersion in 30% sucrose, 0.02% sodium azide at 4°C for 48-72 hr. For pulse-label autoradiography, animals at I, 2, 5, and 7 d postlesion, were given two intraperitoneal injections of JH-thymidine (ICN; 28 Ci/mmol, 5 &/gm body weight) over a 2 hr period and were anesthetized and killed by perfusion 2 hr after the second injection. For pulse-chase autoradiographic studies, animals at I and 2 d postlesion were injected with 'H-thymidine as described above and allowed to survive for 30 additional days before death. Thirty micrometer frozen sections were cut in the sagittal plane and processed as freely floating sections. Tissue antigens were localized with the antibodies described below using a Vectastain Elite Kit (Vector Labs) as described previously (Levine and Card, 1987) . When the primary antibodies were omitted from the staining procedures, there was no staining of cellular elements within either normal or lesioned tissue. Autoradiography was carried out as described previously (Levine et al., 1993) . In the cases used for double-label immunofluorescent studies, tissue blocks were embedded in OCT (Miles), frozen, and cryostat sectioned at 12 pm in the sagittal plane. The immunofluorescent localization of multiple antigens was carried out as described previously (Levine and Card, 1987) .
In situ hybridization. In situ hybridization was carried out usingcRNA probes synthesized from NG2 encoding plasmid Al I (Nishiyama et al., I99 1) obtained from Dr. W. Stallcup (La Jolla Cancer Research Institute, La Jolla, CA). The plasmid was linearized with Bgl II (Promega) and probes were synthesized using T3 polymerase (Promega) and ?S-UTP (Amersham) according to manufacturer's protocols. The antisense cRNA probes had a specific activity of 9 x 10Xcpm/rg. Free floating sections were washed in 0.1 M phosphate buffer containing IO mM glycine and incubated in 0.02 M HCI for IO min at room temperature (RT). The sections were treated with proteinase K (I &ml, 30 min, 37°C) washed in 2 x saline-sodium citrate (SSC) and prehybridized for 60 min at 45°C in 50% formamide, 10% dextran sulfate, 35x Denhardt's, 1 I5 &ml yeast tRNA, 300 fig/ml herring sperm DNA, and 20 mM dithiothreitol (DTT). Sections were hybridized for I6 hr at 45°C in Antibodies, anal.vsis, and reagents. The preparation and specificity of a rabbit anti-NG2 antiserum and two monoclonal antibodies (D3 1. IO and D 120.43) directed against different epitopes on the NG2 core protein has been described (Levine and Stallcun. 1987: Nishivama et al.. 1991) . The rabbit antiserum was used at 1:250 for'indirect immune: fluorescence and the two monoclonal antibodies were used at I:50 each for immunohistochemistry.
In fluorescence studies, the rabbit antibody was visualized with a fluorescein isothiocyanate (FITC)-conjugated antirabbit antibody obtained from TAG0 (Burlingame, CA) and the mouse monoclonal antibodies were visualized with a Texas red-conjugated anti-mouse antibody obtained from either Fisher or Jackson Labs. In double-label fluorescence studies, these antibodies bound to the same cell types in viva and in vitro (unpublished observations). Monoclonal antibodies against GFAP were purchased from Boehringer-Mannheim and monoclonal antibodies ED1 and OX42 were purchased from Serotec. Measurements of distance and area were made using an imaging computer equipped with OPTIMAS software (Bioscan, Inc., Edmonds, WA). Laser scanning confocal microscopy was carried out with a Nikon Optiphot fluorescence microscope equipped with a Bio-Rad MRC 600 laser scanning confocal attachment. Unless specified, all other reagents were purchased from Sigma.
Results
To analyze changes among glial cells after CNS injury, small puncture lesions were made in the cerebelli ofanesthetized, adult rats and at varying intervals after making the lesions, the animals were killed and the tissue prepared for immunohistochemistry.
Changes in NG2 immunoreactivity qfter lesion
Changes in the expression of the NG2 PG were analyzed by staining tissue sections with a mixture of two different monoclonal antibodies (D3 1.10 and D 120.23) directed against different epitopes on the NG2 core protein (Levine, 1989; Nishiyama et al., 199 1) . The appearance of normal cerebellar tissue stained with these antibodies is shown in Figure 1 , A and E. As described previously (Levine and Card, '1987) , the NG2 PG is expressed on the surface of a population of stellate-appearing cells distributed in a regular fashion throughout the cerebellar cortex.
At 1 d postlesion (dpl), the NG2-positive cells adjacent to the damaged tissue exhibited an increase in immunostaining intensity relative to cells lying within undamaged areas of the same tissue section (Fig. 1B) . The cells that bound the anti-NG2 antibodies heavily had enlarged cell bodies and swollen processes (Fig. 1 F) . These morphological changes occurred only in cells immediately adjacent to the lesioned area; cells lying more than 100 ym from the lesion appeared normal. The confinement of these morphological changes to cells immediately adjacent to the lesion suggests that the changes are due to direct physical damage of the cells.
At 2 dpl, densely staining, large round cells appeared at the borders of the lesion (Fig. lC,G) . Intermixed with these cells were process bearing cells with swollen cell bodies and enlarged processes similar to those observed at 1 dpl. As was the case at 1 dpl, the morphologically altered cells were found only at the borders of the lesion; NG2-positive cells lying more than 100 the same solution containing 107cpm/ml of the antisense cRNA probe.
Km from the lesion site appeared normal. Beginning at 4-5 dpl, there was a dramatic increase in the intensity and extent of NG2 immunoreactivity surrounding the puncture wound (see Fig. 3C , 6E). Numerous cell bodies and highly ramified processes appeared in the region immediately surrounding the lesion site. The density and intensity of NG2 immunoreactivity continued to increase over the next 3 d so that by 7 dpl, there was a dense plaque of immunoreactivity surrounding the lesion site (Fig. 1D ). This plaque consisted of heavily stained cell bodies and processes. Although individual NG2-expressing cells were difficult to resolve within this region, heavily labeled cells appeared to give rise to short processes which often had a beaded and varicose appearance (Fig. 1 H) . These processes appeared to ramify around other cellular elements of the forming glial scar (e.g., see Fig. 7 ). As was the case with shorter postlesion survival times, the increases in NG2 immunoreactivity were confined to the damaged tissue; elsewhere in the cerebellum, NG2-positive cells appeared normal.
Between 10-l 5 dpl, NG2 immunoreactivity began to decline within the area adjacent to the lesion site. Although glial plaques exhibiting high levels of NG2 immunoreactivity were still apparent at 15 dpl ( Fig. 2A) , both the size of the plaques and the intensity of staining within the plaques was reduced relative to the 7 dpl survival times. Individual cells within the plaques were stellate shaped with long, branched processes (Fig. 20) . In addition, many beaded immunoreactive processes were found within the glial plaques.
The intensity and density of NC2 immunoreactivity continued to decline over the next 2-5 weeks. At 30 dpl, the plaque tron. In \/tzl hybrrdrratton to tissue sectrons from an ammal lesloned 4 d prior to death was carrred out as described In Materials and Methods. .4 and B are drgrtal Images prepared using an MCID Image analysis system. 4, In ~/tzl hybrrdrratron to lesroned cerebellum. There IS Increased binding of the labeled probe to the lesion site. B, A control sectron that was Incubated m labeled probe plus a Inn-fold excess of unlabeled probe. Under these condrtrons, the unlabeled probe competes for the bmdrng of the labeled probe. Consequently, there IS no specific signal at the lesion site. c', A portron of an adjacent sectron that was rmmunohrstochemtcally stained to reveal the drstrrbutron of the NG2 PG. The area showing Increased levels of NC2 specific mRNA m A IS comcrdent with the heavily stained area in C.
The increases in both the expresston of the NG2 PC; and the number of cells expressing the NG2 PG after injury suggest that this population of glial cells may be stimulated to divide by the injury. To examine this possibility directly, animals were given two injections of 'H-thymidine over a 4 hr period at 1. 2, 5. and 7 d after lesioning and the cerebcllar tissue was prepared for immunohistochemistry and emulsion autoradiography as described in Materials and Methods. As shown in Figure 4A , ofanti-NG2 immunoreactivity had disappeared and only a few, densely stained cells remained surrounding the lesion site (Fig.  2B) . The processes of these cells were often oriented parallel to the needle track (Fig. 2E) . At 56 dpl, the longest postlesion interval studied, the lesion sites could be identified on the basis of a slightly increased density of anti-NG2-labeled cells and processes (Fig. 2c') . Individual NG2-positive cells at the lesion site were indistinguishable in their morphology from those cells found in normal cerebellum (Fig. 2F) .
To estimate the linear extent of tissue displaying increased immunoreactivity for the NG2 PG. we measured the longest and shortest distances from the edge of the lesion cavity to the distal edge of the annular zone displaying increased immunoreactivity for the NG2 PG. At 5 dpl, the longest distance was 291 -t 77 Frn (range = 176-436 brn) and the shortest distance was 56 t 15 pm (range = 27-73 Fm). At 7 dpl, the longest distance had increased slightly but not significantly to 31 I i 28 pm (range = 255-345 km) while the shortest distance was 5 1 +-16 pm (range = 28-73 Hm). Since the plane oftissue section was not always perpendicular to the angle at which the needle penetrated the tissue, absolute values for the area of tissue displaying increased anti-NG2 immunoreactivity cannot be extracted from these measurements.
Nevertheless, these measurements suggest that NG2-positive cells lying within 300 lrn from a site of focal damage display reactive changes to that damage. Cells lying greater than 400 km from a site of damage retain their normal morphological features.
In situ hvhridixtion The data presented in Figures 1 and 2 demonstrate that NG2 immunoreactivity transiently increases after a puncture lesion. Proteoglycans such as NG2 can be secreted or shed from the cell surface. Thus, it is possible that some of the increased immunoreactivity described above could be due to the synthesis of the NG2 PG at sites removed from the local region of the lesion. Since the puncture lesions employed here directly damage the blood-brain barrier, circulating molecules would have access to the damaged tissue where they could bind to the surfaces of cells. To determine whether injury leads to increased levels of mRNAs encoding the NG2 core protein at the lesion site, tissue prepared at 4 dpl was subjected to in sit14 hybridization to reveal the distribution of NG2 encoding mRNAs as described in Materials and Methods. Figure 3 .3 shows that puncture injury is accompanied by a highly localized increase in levels of NG2 encoding mRNAs. Figure 3U is a control section that was incubated in labeled probe plus a lOO-fold excess of unlabeled probe. Under these conditions, the specific signal seen in Figure 3il disappears. The area of tissue displaying increased levels of NG2 mRNA is coincident with the area displaying increased NG2 immunoreactivity (Fig. 3c') . Thus damage to the CNS leads to an increase in mRNAs encoding the NG2 core protein in the tissue immediately adjacent to the damage. . NGZ-positive cells incorporate 'H-thymidine into their nuclei after lesion. Lesioned animals were pulse-labeled with )H-thymidine and processed for autoradiography and immunohistochemistry with the anti-NC2 antibodies as described in Materials and Methods. A, A silver grainlabeled NGZ-positive cell from an animal that was injected with 'H-thymidine 24 hr after lesion. B, A labeled cell from an animal that was pulselabeled 48 hr after lesion. This cell is hypertrophic. C, A labeled cell from an animal that was pulse labeled 7 d after lesion. All cells shown were within 200 pm from the borders of the lesion cavity. The lack of clarity of the anti-NC2 reaction product is due to the layer of autoradiographic emulsion. Magnification, 637 x.
NG2-positive cells incorporated the label into their nuclei beginning at Idpl. The NG2-positive cells continued to synthesize DNA for up to 7 d after lesion (Fig. 4C ).
To quantitate this increase in apparent mitotic activity among the glial cells surrounding the damaged tissue, all silver grainlabeled nuclei within a 200 Km-wide-annulus surrounding the lesion site were counted and scored for immunohistochemical staining (greater than 90% of the silver grain-labeled cells fell within this 200 km-wide-annulus; see also Fig. 10 ). Table 1 shows that at 24 hr postlesion, the incidence of silver grainlabeled cells per unit area is approximately 4.5-fold higher than in normal uninjured tissue. Of those silver grain-labeled cells, approximately 82% bound the anti-NG2 antibodies. When animals were pulse labeled at 2 dpl, the number of silver grainlabeled cells had increased 22-fold above normal tissue. At this time, the NGZ-labeled cells comprised 44% of the silver grainlabeled cells. (Thymidine incorporation into GFAP-positive astrocytes, microglia and monocytes is described below.) At 5 dpl, the density of silver grain-labeled cells reached a maximum of approximately 10 silver grain-labeled cells per 40,000 $ and then declined at 7 dpl to a value that was still ninefold higher than that of normal uninjured tissue. At both 5 and 7 dpl, the NG2-positive cells comprised about 25% of all the silver grainlabeled cells. These data demonstrate that the NG2-positive cells immediately surrounding a puncture lesion initiate DNA synthesis rapidly after injury. Moreover, these cells make up the majority of the cells that synthesize DNA during the first 52 hr after injury.
Injury induced changes in other glial cells
To compare the injury induced changes among NG2-positive cells with changes among other glial types, serial sections through the damaged area were stained with antibodies that identify microglia (0X42, Perry et al., 1985) and astrocytes (anti-GFAP, Bignami et al., 1972) . Additional serial sections were stained with monoclonal antibody ED1 (Dijkstra et al., 1985) in order to monitor the infiltration of monocytes and macrophages from the circulation.
As shown in Figure 5 , microglia rapidly became activated by injury and increased in number in the damaged tissue. In normal tissue, ramified microglia were uniformly scattered throughout the cerebellar cortex (Fig. 5A) . At 24 hr postlesion, ameboid microglia appeared at the borders of the lesion (Fig. 5B) . Microglia located greater than 100 Mm from the lesion site had a ramified morphology suggesting that they were unaffected by the lesion. The incidence of the ameboid, activated microglia increased so that by 7 dpl, 0X42-positive microglia formed a dense network, surrounding and, in some cases, partially filling, the lesion site (Fig. 5C ). Beginning at about 15 dpl, the number of microglia declined (Fig. 5D) ; however, an increased incidence Animals were pulse-labeled wth 'H-thymidine at the mdxated postlesion time and prepared for autoradiography and lmmunolustochemistry as described in Materials and Methods. Sdver grain-labeled cells lying within 200 pm of the borders of the lesions were counted and scored for staining with the cell type-specific markers used here. Data shown IS the mean + SEM of cell counts taken from four serial sections from at least three different levels containing a puncture lesion from two animals for each time pomt. In this manner, a minimum of 24 sectIons were counted for each time point. dpl, days postlesion; ND, not determined; 0 dpl mdxates a normal animal.
4722 Levi ne -increased Expression of NG2 after Injury of microglia was apparent at survival times of up to 56 dpl (Fig.  5E ). These increases in the number of microglia are likely due to cell division as microglia comprise 35-40% of all the cells labeled with silver grains after a pulse of 'H-thymidine at survival times greater than 2 dpl (Table 1) . Since the increases in the appearance of microglia are temporally and spatially coincident with the increases in the expression of the NC2 PC, double-label immunofluorescence was used to determine whether the same population of cells expressed both the C3b receptor that is recognized by the OX42 antibody and the NG2 PG. Figure 6 shows normal and lesioned tissue stained with a rabbit anti-NG2 antiserum and with monoclonal antibody 0X42. These two antibodies mark different populations of glial cells in normal tissue (Fig. 6A,B) . At 2 dpl, large numbers of round, 0X42-positive cells appeared at the lesion border. Intermixed with these cells were irregularly shaped cell bodies that bound the anti-NG2 antibodies heavily (Fig.  6C'J) . By 4 dpl, the numbers of NGZ-positive and 0X42-positive cells had increased so that a dense plaque of immunoreactivity developed (Fig. 6E,F) . In general, the OX42 cells had the spherical appearance characteristic of activated microglia whereas anti-NG2 immunoreactivity was associated with a dense meshwork of thin processes. The fluorescence micrographs shown in Figure 6 suggest that the anti-NG2 antibodies and the OX42 antibodies mark two separate and distinct populations of cells that overlap in their distribution after lesion. To examine the distribution of these two cell types further, we analyzed double-labeled tissue prepared at 6 dpl using scanning confocal microscopy. As shown in Figure 7 , thin NG2-positive processes appear to ramify closely around the surfaces of the round, 0X42-positive cells. These data suggest that, after lesion, NGZ-positive processes are distinct from but closely associated with the 0X42-positive microglia. However, given the dense deposits of anti-NG2 immunoreactivity that develop after lesion and the phagocytotic functions of activated microglia, it is possible that some of the anti-NC2 staining is associated with microglia.
The puncture lesions employed here damage the blood-brain barrier and monocytes and macrophages, visualized with monoclonal antibody ED 1, rapidly infiltrated the wound (Fig. 8) . The ED 1 -positive cells resemble the activated, 0X42-positive microglia and increased in number around the lesion site with the same time course as did the microglia although the percentage of monocytes that incorporated ZH-thymidine was lower than microglia (Table 1) . At longer survival times, the ED 1 -positive monocytes appeared to have migrated away from the lesion site and assumed a ramified morphology.
The appearance of GFAP immunoreactivity after lesion is shown in Figure 9 . At 1 dpl, there was a loss ofimmunoreactivity immediately adjacent to the lesion site, most likely due to direct damage of astrocytes. As reported by others (Cavanagh, 1970;  In C and D, the lesion cavity is marked with asterisks. E, Four days postlesion, NG2 immunostain. Labeled processes ramify heavily around the lesion site which is marked with an asterisk. F, OX42 immunostain of the same section. Large numbers of round, NGZ-negative cells surround and partially fill the lesion site. NG2 immunoreactivity was visualized with FITC, OX42 lmmunoreactivity with Texas red as described m Materials and Methods. Magnification, 220 x. Latov et al., 1979; Mathewson and Berry, 1985; Miyake et al., 1988 Miyake et al., , 1992 Takamiya et al., 1988; Topp et al., 1989) , enlarged GFAP-positive processes first appeared at 2 dpl and a welldeveloped glial scar was seen by 7 dpl. This glial scar becomes a permanent feature of the damaged cerebellum and is maintained for up to 56 dpl. The data in Table 1 show that few GFAP-positive astrocytes had initiated DNA synthesis 24-48 hr after lesion and that the proportion of silver grain-labeled cells that express GFAP-like immunoreactivity increased at 5 and 7 dpl when they constituted approximately 25% ofall silver grain-labeled cells. This is in contrast to the NG2-positive glial cells which initiate DNA synthesis soon after injury. determine whether these cells and other glial cell types are caphotomicrographs shown in Figure 10 demonstrate that the pable of continued DNA synthesis, lesioned animals were indensity of silver grain-labeled cells surrounding the lesion was jetted with 'H-thymidine at 1 and 2 dpl and allowed to survive increased after a 30 d survival when compared to the pulse only for 30 d before the animals were killed and the tissue prepared experiments described above. In addition to a 5-15-fold infor immunocytochemistry and autoradiography. The dark-field crease in the number of labeled cells per 40,000 Km? of tissue Figure   9 . GFAP immunoreactivity in normal and lesioned cerebellum. A, Normal cerebellum. GFAP immunoreactivity is found within the Bergmann glial fibers and astrocytes within the internal granule layer. B, Twenty-four hours postlesion. There is a loss of GFAP immunoreactivity immediately adjacent to the needle track. C, Forty-eight hours postlesion. Astrocytes immediately adjacent to the needle track are densely-stained. D, Seven days postlesion. Enlarged GFAP-positive fibers surround the lesion site and form a glial scar. E, Thirty days postlesion. GFAP-positive scars mark two lesion sites. F, Fifty-six days postlesion. Hypertrophic astrocytes remain at the lesion site (arrowheads) .
Elsewhere in the section, astrocytes appear normal. Magnification, 100 x . adjacent to the lesion site (compare Table 1 and Table 2 ), many silver grain-labeled cells were observed at distances greater than 200 Mm from the lesion site (Fig. IOD) . In animals labeled 24 hr after lesioning and allowed to survive for 30 additional days, the density of silver grain-labeled cells lying between 200-400 pm from the lesion site was 5.17 + 1.7 tells/40,000 pm?. In animals that were labeled at 2 dpl, this number increased to 15.1 f 6.1 tells/40,000 pm'. (In normal cerebellar tissue subjected to the same 30 d postinjection survival paradigm, there were 2.46 + 1.6 silver grain-labeled tells/40,000 pm'.) These distally located cells tended to lie in the white matter but were also found within the cellular layers of the cerebellar cortex. Thus, it appears that some of the glial cells that initiate DNA synthesis within 48 hr of lesion or their progeny can migrate away from the lesion site.
To quantitate the number of silver grain-labeled cells in this pulse-chase paradigm, all the silver grain-labeled cells lying within 200 pm of the borders of the lesions were counted and scored for the expression of the cell type-specific markers used here. As shown in Table 2 , not only was there an increase in the density of labeled cells lying close to the lesion relative to the pulse only cases, but the relative proportions ofthe cell types that were labeled with silver grains differed considerably from the pulse only cases. For example, whereas the NG2-labeled cells comprised the largest group of cells that incorporate JHthymidine at 1 and 2 dpl, only 16% of the labeled cells in the pulse-chase experiments expressed the NG2 PG. Similarly, GFAP-containing astrocytes were a small component of the silver grain-labeled cells after a pulse but, together with microglia, comprise the largest component of the cells that are labeled after a 30 d chase. This suggests that the astrocytes and microglia that synthesize DNA soon after injury can continue Table 2 . "H-thymidine incorporation after pulse-chase labeling Labeled % Monotells/40,000 % NC2 % dpl pm* cytes/ positive % Microglia macrophages Astrocytes 1 28.6 16.9 16.8 + 2.5 28.5 f 9.7 13.6 f 6 30.1 + 3.7 2 43.9 + 9.8 16.1 +-0.6 30.4 k 1.6 11.3 +-1.4 24.9 + 4.7 Animals were injected with 'H-thymidine at the indicated postlesion times and allowed to survive for 30 additional days before death. The tissue was prepared for autoradiography and immunohistochemistry as described in Materials and Methods. Silver grain-labeled cells lying within 200 pm of the borders of the lesions were counted and scored for staining with the cell type-specific markers as described in Table 1 . dpl, days postlesion. The arrows points to a large, reactive astrocyte that is GFAP positive and NC2 negative. E and F, Eight days postlesion. Although the NGZ-nositive cell bodies and fibers shown in 'E lie close to the GFAP-positive fibers shown in F, they are immunologically distinct. Magnification: AandB,l78x;CandD,620x;Eand F, 786x. to divide after injury. Newly generated NG2-positive cells, on the other hand, may migrate away from the lesion.
An alternative explanation for the relatively low labeling index among NG2-positive cells and the higher index among GFAP-positive astrocytes in the pulse-chase experiments would be that some of the NG2-expressing cells develop into GFAPpositive astrocytes, as they can do in vitro (Levine et al., 1993) . To address this possibility, cryostat section of lesioned tissue were double labeled with a rabbit antiserum against the NG2 core protein and a monoclonal antibody against GFAP. Figure  I I shows double-stained tissue prepared 6 and 8 d after lesion, a time at which the glial scar is forming and the increased expression of the NG2 PG is maximal. GFAP-positive fibers form a dense meshwork at the edges of the lesion cavity. In the cases shown, increased levels of NG2 immunoreactivity were found both surrounding the lesion and within the lesion cavity. The cavities were filled with EDI-positive monocytes and macrophages (data not shown). Although there was considerable spatial overlap in the distribution of both GFAP and the NG2 PG, most individual cells and processes expressed either GFAP antigens or the NG2 PG but not both antigens simultaneously (Fig. I IC-F) . When lesioned tissue was examined using scanning confocal microscopy, NG2-positive cells and processes were seen closely opposed to and along the GFAP-positive cells and processes ( fig. I IA,B) . Only rarely was an individual process apparently stained with both antibodies (Fig. 12B) . Such processes often had the fluorescent staining for NG2 and GFAP antigens segregated into different spatial domains, making it difficult to determine whether the differentially stained domains were in fact physically contiguous. Although this data suggests that NG2-positive glial progenitor cells do not differentiate into astrocytes after injury, this possibility cannot be completely ruled out given the limitations of the double-label fluorescence techniques.
Discussion
Injury to the mature CNS leads to the formation of a permanent scar at the site of damage (Berry et al., 1983; Reier et al., 1983) . Hypertrophic astrocytes and their processes are the major constituents ofthis scar although scar tissue also contains meningeal and other cell types including macrophages, microglia, and fibroblasts as well as extracellular matrix components (Liesi et m al., 1984; Egan and VlJayan, 1991) . The data presented h demonstrate that a class of adult glial cells which expresses the NC2 PC participates transiently in scar formation after injury. These cells synthesize DNA soon after injury, increase in number and bind the anti-NC2 antibodies more heavily than do cells in normal tissue. The transient upregulation of the expression of immunodetectable levels of the NC2 PC is accompanied by increases in the levels of mRNAs encoding NG2. Although these cells become hypertrophic in a manner similar to that described for reactive astrocytes (Reier et al., 1983; Mathewson and Berry, 1985; Schiffer et al., 1986; Mikaye et al., 1988; Takamiya et al., 1988 : Topp et al., 1989 , the changes in cell size and NC2 expression are transient and by 2 months after injury. the distribution ofthe NC2 PC around the damaged site is only barely distinguishable from that of normal tissue. These observations demonstrate that the NG2-positive cells of adult animals are a reactive cell type.
The anti-NC2 antibodies used here mark an unusual and poorly understood glial cell type (Levine and Card, 1987; Levine ct al., 1993) . In Y~IYI. NG2-positive cells have ultrastructural features that are associated with smooth protoplasmic astrocytes (Peters et al., 1976) , /?-astrocytes (Reyners et al.,1982) , and a third glial type (Vaughn and Peters, 1968) . In dissociated cell cultures prepared from either neonatal or adult animals (Levine and Stallcup, 1987; Stallcup and Beasley, 1987; Levine et al., 1993) . the NC2 PC is expressed on a population of cells that display the phenotypic plasticity that is characteristic of02e' and 02ti11111 progenitor cells. Although a small number of flat cells in these cultures also express the NC2 PC, most of the NGZ-positive cells have either a bipolar or multipolar morphology. These process-bearing cells bind antibodies against the A2B5 antigen and against CD3 ganglioside, two additional markers for 02A progenitor cells. The NG2-positive cells do not bind the OX42 antibodies, a marker for microglia, nor do they bind G't?jkvzia sirnplicifolia B, isolectin, an additional histochemical marker for microglia (Streit et al., 1988; J. M. Levine, unpublished observations) . Varying proportions ofthe NG2-positive cells of either neonatal or adult cerebellum express the 04 antigen, a surface marker of oligodendrocyte precursor cells (Goldman, 1992) and 02ABdU" progenitor cells (Wolswijk and Noble, 1989) . Although it is possible that some of the cells that express the NC2 PC in culture may be derived from cells other than those that express NC2 in situ, the cvidcnce summarized above strongly suggests that the NG2-expressing cells are indeed 02A progenitor cells. The data presented here demonstrate that one function of these cells is to participate in the reactions to brain injury.
One feature ofthe response ofthe NG2-positive cells to injury is the rapid initiation of DNA synthesis. By 24 hr after injury, NG2-positive cells begin to synthesis DNA and continue to do so for at least I week. Based on our counts of silver grainlabclcd cells, we estimate that at 24 hr after injury, every 100,000 pm2 of reactive tissue surrounding a lesion would contain approximately four or five glial cells in S phase, three of which express the NC2 PG. In the normal cerebellum, an area of 100,000~m~ would contain approximately I4 NG2-positive cells (Levine et al., 1993) . Thus, about 20% of the NG2-positive cells lying within 200 Km of a puncture lesion are in S phase during a 4 hr window taken 24 hr after injury. This is in contrast to normal cerebellar tissue in which only 0.14-0.28% of the NG2-positive cells incorporate 'H-thymidine into their nuclei after pulse labeling with jH-thymidine (Levine et al., 1993) . The A Figure 12 . Localization of GFAP and NC2 antigens in tissue prepared 6 d after lesion by scanning confocal microscopy. Red indicates the GFAP antigens visualized with a Texas red-conjugated anti-mouse antibody, and the green, NC2 antigens visualized with a fluorescein-conjugated anti-rabbit antibody. Yellow indicates areas where the two Auorochromes overlap. '4, An low-power view of a small lesion. GFAPpositive fibers form a scar surrounding the lesion whereas NGZ-positive fibers are found both within the lesion cavity and surrounding the lesion. B, Higher-power view of a hypertrophic astrocyte. Small, NGZ-positive fibers ramify close to this astrocyte. The UYYOM' points to a small process that may express both the NG2 PC and GFAP-antigens in separate physical domains. Scale bars, 25 pm.
number of NG2-positive cells in S phase increases at 2 and 5 dpl and declines to approximately 1 cel1/40,000 pm' at 7 dpl. The other cell types analyzed here, monocytes and macrophages, microglia, and astrocytes also respond to injury by initiating DNA synthesis. After cerebellar lesion, astrocytes become maximally labeled following a pulse of 'H-thymidine at 5 dpl, a delay consistent with previous studies (Cavanagh, 1970; Latov et al., 1979; Takamiya et al., 1987; Topp et al., 1989; Miyake et al., 1992) . 0X42-positive microglia became labeled in significant numbers at 2 dpl and maintained a high rate of DNA synthesis throughout the first week after lesion. Between I and 2 EDl-positive monocytes and macrophages per 40,000pmZ became labeled with silver grains following pulses of 'H-thymidine at 2-7 dpl. This relatively low level of thymidine incorporation suggests that part of the increase in the of NG2 after Injury number of EDl-positive cells within injured tissue may be due to either the continued infiltration of cells from the circulation or to the expression of the ED1 antigen by activated microglia (Milligan et al., 199 1) . The transient increases in number of NG2-positive, 02A""" progenitor cells after injury raises two questions; what mitogens are available to glial cells surrounding the lesion sites and what is the fate of the newly generated cells. Platelet-derived growth factor AA homodimers (PDGF-AA) and basic FGF (bFGF) are well-characterized mitogens for 02Aneonatal progenitor cells (Noble et al., 1988; Richardson et al., 1988; McKinnon et al., 1990) as is neurotrophin-3 (NT3, Barres et al., 1993) . The effects of these defined growth factors on 02AadU11 progenitor cells is controversial. Wolswijk and colleagues (Wolswijk et al., 199 1) have reported that PDGF-AA can stimulate BrdU incorporation into 02fidu1' progenitor cells isolated from normal optic nerve albeit at a reduced rate compared to the effects of PDGF-AA on 02@na'a' progenitor cells. However, when cells of the 02A lineage, including 04-positive, galactocerebroside-negative cells that correspond immunologically to 02Aadult progenitor cells (Wolswijk and Noble, 1989) were isolated from virally demyelinated spinal cord, PDGF did not increase 'H-thymidine incorporation above basal levels (Armstrong et al., 1990 ). These differences may reflect a regional heterogeneity among 02A progenitor cells (Levine et al., 1993) or they could be due to prior exposure of the cells to mitogens in vivo in the case of the demyelinating lesions. Regardless, since the puncture lesions used here do extensive damage to the vasculature, as evidenced by the infiltration of monocytes and macrophages, it is reasonable to assume that the NG2-positive cells surrounding the lesions are exposed to increased levels of PDGF. Levels of bFGF are also increased at 7 d after lesioning the cortex (Finkelstein et al., 1988) and may contribute to the mitogenic stimulation of the cells. Although NT3 has been shown to stimulate BrdU incorporation into 02AnCOnSIa' progenitor cells (Barres et al., 1993) it is doubtful that NT3 contributes to this mitogenic activation since levels of NT3 encoding mRNAs decrease after injury (Ip et al., 1993) .
Several recent studies emphasize the complex cell-cell interactions that may occur after injury. Injury upregulates the expression of two polypeptide mitogens for microglia (Giulian et al., 1991) . The production of these mitogens is maximal at 2 dpl, consistent with the time course of the increases in 'Hthymidine labeling of microglia reported here. Microglia and the macrophages that invade the wounds are capable of secreting interleukin-1 that can stimulate astrocyte proliferation (Giulian and Lachmann, 1985) and vascularization ofthe damaged tissue (Giulian et al., 1988) . Curiously, the expression of transforming growth factor-@l, which can inhibit astrocyte proliferation in response to bFGF and epidermal growth factor, is also increased within macrophages and microglia after injury (Lindholm et al., 1992) . These studies suggest a major role for macrophages and microglia in controlling the astrocytic response to injury. Whether macrophages and microglia contribute to the regulation of the reactive responses of the NG2-positive cells, as suggested by the close physical association of these cell types within injured tissue, is a subject for future research.
In several previous studies of the astroglial reaction to experimentally induced brain injury, the inferred rate of cell division among GFAP-expressing astrocytes was inadequate to fully explain the increased numbers of astrocytes that appear after injury (Miyake et al., 1988 (Miyake et al., , 1992 . This led to the suggestion that injury leads to the expression of GFAP by cells that had undetectable levels of GFAP prior to injury. The transient nature of the increase in the number of NG2-positive, 02Aadui' progenitor cells after injury would be explained if some of these cells developed GFAP immunoreactivity as they can do in dissociated culture (Levine et al., 1993) . This hypothesis seemed particularly attractive since injury leads to increased levels of mRNA encoding ciliary neurotrophic factor (CNTF, Ip et al., 1993) a factor that transiently induces GFAP expression in embryonic and 02Anconatal progenitor cells (Hughes et al., 1988) . Moreover, meningeal cells and endothelial cells, which produce an extracellular matrix that can cooperate with CNTF to stabilize GFAP expression in 02Anconatul progenitor cells (Lillien et al., 1990) , are found within the lesioned tissue (Berry et al., 1983) . It was therefore disappointing that there was little if any detectable GFAP immunoreactivity within the NG2-positive cells after injury. While the simplest interpretation ofthese findings is that the NG2-positive, 02ABdu11 progenitor cells do not become astrocytes after injury, it should be emphasized that the complex geometry of the lesioned tissue may obscure such double-labeled cells, if they exist. In addition, if the transition from a reactive progenitor cell that is GFAP-negative to a GFAPpositive astrocyte were either rapid or occurred at low frequency, it would have been difficult to identify intermediate cell types expressing both the NG2 PG and GFAP-type intermediate filaments with the fluorescent techniques used here. Therefore, the question of whether 02Aa"U'1 progenitor cells can develop into astrocytes after injury remains open.
The data presented here suggest two possible fates for NG2-positive, 02hdu" progenitor cells after injury. Between lo-15 dpl, when the number of NG2-labeled cells surrounding the lesion declines, many of the NG2-positive cells have swollen cell bodies and short processes. Densely stained, beaded profiles are also abundant at these survival times. These profiles could represent cells undergoing cell death since similar appearing cells were seen at 24 hr postlesion when cells would be dying due to direct physical damage. The idea that glial cells and their precursors undergo naturally occurring cell death is a new one (Barres et al., 1992) and it would not be surprising if glial cell death also occurred during the tissue remodeling and healing that takes place after injury. The autoradiographic studies suggest another possible fate for these cells after injury. When injured animals were pulsed with 'H-thymidine and killed 2-4 hr later, almost all the thymidine incorporating cells were found within 200 pm of the borders of the lesion. When the animals were allowed to survive for 30 additional days after administering the 'H-thymidine, not only were the numbers of cells that had incorporated thymidine increased, but they were more widely distributed. Thus, glial cells continue to divide after injury and some of the daughter cells migrate away from the lesion site. This migration appeared to be preferentially but not exclusively within the white matter.
In developing animals, 02Aneonalal progenitor cells are thought to migrate within white matter and to develop into oligodendrocytes (Levine and Goldman, 1988; Reynolds and Wilkins, 1988; .Hardy and Reynolds, 199 I; Levine et al., 1993) . Oligodendrocytes undergo continuous turnover in adult animals (Kaplan and Hinds, 1980; McCarthy and LeBlond, 1988) and 02AadU11 progenitor cells may function as oligodendrocyte precursors. Thus, it is possible that at least a portion of the NG2-positive, 02AadU" progenitor cells stimulated to incorporate thymidine at 24-48 hr postlesion or their daughter cells migrate
